INTRODUCTION
Since the 1980s, it has been known that bacteria, when exposed to stressful environmental conditions, can become non-culturable and yet remain viable (Xu et al., 1982) retaining the possibility of regaining culturability (resuscitation) later (Roszak et al., 1984) . This viable but nonculturable (VBNC) state has been described in more than 70 bacterial species (Oliver, 2005 (Oliver, , 2010 , including the foodborne pathogen Listeria monocytogenes (Besnard et al., 2000a (Besnard et al., , b, 2002 , but little is known about resuscitation.
Resuscitation promoting factor (Rpf) proteins were first described by Mukamolova et al. (1998a) in Micrococcus luteus as having the ability to increase the viable count of dormant (not metabolically active) cultures of this microorganism and stimulate growth of vegetative cells through lag phase reduction (Mukamolova et al., 1998a, b) . These Rpf proteins can be isolated from supernatants of actively growing bacteria and are active at picomolar concentrations (Mukamolova et al., 1998a) . While M. luteus possesses one essential Rpf, Mycobacterium tuberculosis has five non-essential ones (Mukamolova et al., 2002b) that are only partially redundant as shown through growth, survival and resuscitation in vitro as well as in mouse infection models (Biketov et al., 2007; Downing et al., 2005; Kana et al., 2008; Tufariello et al., 2004) .
RpfB of Myc. tuberculosis is a small protein with a lysozyme-like globular catalytic domain and an elongated G5 domain, which gives the protein a comma-like shape (Ruggiero et al., 2009) . Muralytic activity of Rpf proteins has been demonstrated in vitro against crude cell wall preparations and using an artificial lysozyme substrate; this activity has been proved responsible for resuscitation of dormant cells and growth promotion (Mukamolova et al., 1998a; Telkov et al., 2006) .
Currently three models are proposed for the action of Rpf proteins. (i) According to the original hypothesis, Rpf can act as a bacterial cytokine (Mukamolova et al., 1998a) that through binding to an extracellular receptor stimulates growth, although to date, such receptor has not been found. (ii) Since Rpfs are muralytic enzymes (Mukamolova et al., 2002a) they could, through degradation of the nonculturable state peptidoglycan (Signoretto et al., 2000) , promote the physical changes in the cell wall necessary for cell division. (iii) Rpf degradation of peptidoglycan releases low molecular mass molecules (muropeptides) that could act as signalling molecules, activating PknB-like receptors (Dworkin & Shah, 2010) and triggering resuscitation. These muropeptides could be active as interspecies signals for the presence of conditions that support microbial growth. The ability of Rpf-generated peptidoglycan fragments to stimulate resuscitation supports this last model (Nikitushkin et al., 2013) .
L. monocytogenes genome sequence analysis led Ravagnani et al. (2005) to propose that two proteins, Lmo0186 and Lmo2522, could promote resuscitation by a mechanism analogous to that described for Rpf proteins of actinobacteria Telkov et al., 2006) . The authors suggested a process of non-orthologous domain displacement in which the Rpf domain was replaced by a Sps domain (for stationary phase survival) that would accomplish the same function, although these domains are totally unrelated in both sequence and secondary structure. However, bioinformatics analysis predicted transglycosylase activity for both Rpf and Sps domains and for at least some Rpf this activity has been confirmed. L. monocytogenes gene lmo0186 is located downstream of ksgA (coding for rRNA small subunit methyltransferase A), as observed for rpfB of Myc. tuberculosis. Lmo0186 has the same domain architecture of Myc. tuberculosis RpfB (Ravagnani et al., 2005) , whereas Lmo2522 and the M. luteus Rpf share LysM domains, which mediate binding to bacterial cell wall peptidoglycan (Buist et al., 2008) .
Here we describe the role of Lmo0186 and Lmo2522, two predicted Rpf proteins of L. monocytogenes, in promoting growth as well as their purification and biochemical characterization. We show that these monomeric, probably elongated, proteins cleave peptidoglycan and stimulate growth through lag phase reduction as do actinobacterial Rpfs.
METHODS
Bioinformatics. Signal P version 4.0 and TMHMM version 2.0 (Petersen et al., 2011) were used for the prediction of signal peptides and transmembrane segments, respectively. Protein conserved domains were identified with the CDD tool (Marchler-Bauer et al., 2011) .
Construction of L. monocytogenes mutant strains. The Escherichia coli-L. monocytogenes shuttle integrational vector pKSV7, which contains temperature-sensitive replication functions (Smith & Youngman, 1992) , was used to perform non-polar internal deletions of genes lmo0186 and lmo2522, in L. monocytogenes strain EGDe, mostly as described previously (Wiedmann et al., 1998) . Primers were designed to amplify two DNA fragments flanking each target gene. Primers lmo0186_A 59-GTTTTACACCCCAGTTGT-TAGCTTATGCCTACGACCAGAGAC-39 and lmo0186_B 59-GTCA-CCATTCTTCTACCCCATTTTGATGATTGGGCTACG-39 amplify a 284 bp DNA fragment comprising 200 bp of the lmo0185-lmo0186 intergenic region and 48 bp of the lmo0186 59 end while primers lmo0186_C 59-CGTAGCCCAATCATCAAAATGGGGTAGAAGA-ATGGTGAC-39 and lmo0186_D 59-CACTCAGAAGCTTCTT-GGCGATTGATAAAAGC-39 amplify a 434 bp DNA fragment comprising 39 bp of the lmo0186 39 end, the entire lmo0186-lmo0187 intergenic region and 262 bp of the lmo0187 59 end. Primers lmo2522_A 59-GAGTGCTGAATTCACCTTTACGGCGAGTTATG-39 and lmo2522_ B 59-GTTTTACACCCCAGTTGTTAGCCGCAATGGCTACTACTGTC-39 amplify a 237 bp DNA fragment encompassing 8 bp of the lmo2522 59 end and 210 bp of lmo2522-lmo2521 intergenic region while primers lmo2522_C 59-GACAGTAGTAGCCATTGCGGCTAACAACTGGGGT-GTAAAAC-39 and lmo2522_D 59-CACTCAGAAGCTTATAGACC-AACCATCGTGTC-39 amplify a 491 bp DNA fragment encompassing 286 bp of the lmo2523 59 end, the entire lmo2523-lmo2522 intergenic region and 48 bp of the lmo2522 39 end. Amplification products were used for overlap extension PCR with primer pairs lmo0186_A/lmo0186_D or lmo2522_A/lmo2522_D, creating an in-frame 1146 bp deletion of lmo0186 or an in-frame 759 bp deletion of lmo2522 gene, respectively, thus eliminating 93 or 91 % of each gene. The resulting DNA fragments were restricted with DraI and HindIII (HindIII provided by lmo0186_D primer; underlined) or EcoRI (provided by lmo2522_A primer; underlined), cloned into pKSV7 and used to electroporate electrocompetent E. coli XL1 Blue MRF9 (Stratagene) cells, as previously described (Dower et al., 1988) . Transformants were selected in Luria-Bertani (LB) medium supplemented with amplicillin (100 mg ml
21
). The recombinant plasmids pDP003 and pDP004, respectively, were independently electroporated into EGDe electrocompetent cells prepared as described previously (Park & Stewart, 1990) . Transformants were selected at 30 uC on brain heart infusion (BHI) agar plates supplemented with chloramphenicol (10 mg ml
). A transformant colony of EGDe harbouring pDP003 and one of EGDe harbouring pDP004 were serially passed at 42 uC in BHI broth supplemented with chloramphenicol to direct chromosomal integration of the plasmids by homologous recombination. The excision of the plasmid from a single colony of EGDe with integrated pDP003 or pDP004 was promoted by serial passages in antibiotic free BHI broth at 30 uC and replica plated for selection of the allelic exchange mutants EGDe Dlmo0186 and EGDe Dlmo2522, respectively. Construction of EGDe Dlmo0186 Dlmo2522 double mutant, where the lmo2522 deletion was inserted into the EGDe Dlmo0186 background, followed the same strategy as the construction of the single mutants. The genotypes of all resulting strains were confirmed by PCR.
Bacterial growth monitoring. L. monocytogenes strains EGDe, EGDe Dlmo0186, EGDe Dlmo2522 and EGDe Dlmo0186 Dlmo2522 were routinely grown overnight in BHI broth at 37 uC. In the experiments monitoring growth with progressively lower inoculum densities overnight cultures were diluted either in BHI broth or in minimal medium (modified Welshimer's broth, MWB, Premaratne et al., 1991) to a turbidity equivalent to 0.5 McFarland standard (about 1.5610 8 c.f.u. ml
). Subsequently the cell suspensions were serially diluted 2-fold to 1 : 2048 (BHI) or 1 : 512 (MWB). Growth at 37 uC with constant shaking of each cell dilution, in triplicate, was followed in a Bioscreen C growth analyser (Labsystems). Variations of the optical density at 600 nm (OD 600 ) were measured every hour, for a total of 24 h. The time (in hours) required to unequivocally leave lag phase, here corresponding to an OD 600 increment equal or greater than 0.1, was recorded. Results were analysed with a one-tailed Student's t-test and differences were considered statistically significant at a significance level of 0.01. E. coli CG61 (São-José et al., 2000) is a derivative of strain BL21 (Stratagene) harbouring pGP1-2, which expresses T7 RNA polymerase upon thermoinduction (Tabor & Richardson, 1985) . E. coli CG61 cells transformed with plasmids pDP002 or pDP005 were selected in LB medium supplemented with ampicillin (100 mg ml
) and kanamycin (40 mg ml 21 ). Construct pDP005 is a vector pIVEX2.4d (Roche Applied Science) derivative expressing a truncated version of Lmo0186 (His 6 -Lmo0186), in which the first 41 residues encompassing a putative transmembrane helix were substituted by hexahistidine-containing tag encoded by the vector (Fig. 1a) . The coding sequence of Lmo0186 from positions 42 to 408 was PCR-amplified with primers lmo0186_fwd 59-GGAACCATGGACGATATCAC-TATAGTAAACGC-39 and lmo0186_rev 59-TACGCCCGGGGTTT-AATACTTTGACAGTCACC-39, which harbour the NcoI and SmaI restriction sites (underlined), respectively, and cloned in pIVEX2.4d under the control of a T7 promoter. Construct pDP002, which allowed production of an Lmo2522 version with its signal peptide substituted by hexahistidine-containing tag (His 6 -Lmo2522, Fig. 1b) , was similarly constructed. In this case, the sequence encoding Lmo2522 residues from positions 25 to 277 was amplified with primers lmo2522_fwd 59-GAGTGCTCCATGGCTGAGTATAAAGT-GCAAGATGG-39, with the NcoI restriction site, and lmo2522_rev 59-CACTCAGGGATCCTATGGAACGAATTAATC-39, with the BamHI restriction site. Except stated otherwise, all E. coli strains were grown in LB at 30 uC with aeration.
Purification of His 6 -Lmo0186 and His 6 -Lmo2522. Production and purification of recombinant Lmo0186 and Lmo2522 were essentially as described by São-José et al. (2006) . CG61 carrying pDP005 or pDP002 were grown overnight at 30 uC in 20 ml of LB medium supplemented with ampicillin and kanamycin and diluted 1 : 60 in 2400 ml of fresh medium in the next day. The LB for CG61 carrying pDP002 was buffered with 100 mM sodium phosphate at pH 7.8 and supplemented with 0.5 M of sorbitol to maximize the solubility of His 6 -Lmo2522. Both cultures were incubated at 30 uC with aeration to an OD 600 of 0.9. For induction of protein production, cultures were transferred to a water bath set at 42 uC and incubated for 30 min, followed by an additional incubation of 16 h at 16 uC. Cells were collected by centrifugation and resuspended in 40 ml of ice-cold lysis buffer (50 mM HEPES sodium salt at pH 7.4, 500 mM NaCl, 5 % glycerol, 0.1 % Triton X-100 and 50 mM imidazole for His 6 -Lmo0186; 50 mM HEPES sodium salt at pH 7.2, 500 mM NaCl, 1 % glycerol, 0.1 % Triton X-100 and 50 mM imidazole for His 6 -Lmo2522) supplemented with a mixture of antiproteases (Complete TM EDTA-free, Roche Applied Science) and then disrupted by 10 bursts of 45 s (amplitude 60, pulse 0.5) in a sonicator (UP200S, Hielscher Ultrasonics), with pauses of 1 min on ice. Crude extracts were centrifuged (20 000 g for 20 min at 4 uC) and the soluble fraction filtered through 0.22 mm. His 6 -Lmo0186 and His 6 -Lmo2522 present in the cleared extracts were purified by affinity chromatography using HisTrap TM HP columns (GE Healthcare) coupled to an AKTA-Prime system (GE Healthcare). The column and elution buffers had the same composition of the lysis buffers, except that the imidazole concentration in the elution buffer was 500 mM. Partially purified His 6 -Lmo0186 and His 6 -Lmo2522 were further purified by size-exclusion chromatography using a HiLoad 16/600 Superdex 75 pg column (GE Healthcare) equilibrated in protein buffer, which had the same composition of the corresponding lysis buffers devoid of imidazole. Crude protein extracts and chromatography fractions were analysed by SDS-PAGE in NuPAGE Novex 10 % Bis-Tris gels (Invitrogen) run with NuPAGE MOPS SDS running buffer (Invitrogen) for 50 min at 200 V, according to the manufacturer's instructions, after denaturation of the samples in NuPAGE LDS sample buffer (Invitrogen). Protein staining was performed with Coomassie R-250 (Invitrogen) according to the manufacturer's instructions. Protein concentration was determined using Bio-Rad Protein Assay kit (Bio-Rad).
Analytical size exclusion chromatography. Samples of purified His 6 -Lmo0186 or His 6 -Lmo2522 were applied to a Superose 6 10/300 GL column (GE Healthcare) equilibrated in protein buffer and run at a flow rate 0.5 ml min 21 . The column void (V 0 ) and total (V t ) volumes were determined using the elution volumes of blue dextran 2000 (GE Healthcare) and acetone, respectively. The Stokes radii of soluble His 6 -Lmo0186 and His 6 -Lmo2522 were estimated as described by Cabré et al. (1989) , through extrapolation from a plot of Stokes radii of standard proteins vs (2log
, where k d 5(V e 2V 0 )/(V t 2V 0 ) and V e is the elution volume of the protein.
The protein standard (Bio-Rad) was composed of thyroglobulin (molecular mass5670 kDa; Stokes radius58.6 nm), c-globulin (158 kDa; 4.8 nm), ovalbumin (44 kDa; 2.83 nm), myoglobin (17 kDa; 1.91 nm) and vitamin B 12 (1.35 kDa).
Protein cross-linking. Purified His 6 -Lmo0186 and His 6 -Lmo2522 were independently cross-linked accordingly to Jekow et al. (1999) , with minor changes. Reactions were performed at room temperature in the corresponding protein buffers by mixing 5 mM of His 6 -Lmo0186 or 7 mM of His 6 -Lmo2522 with 25 mM glutaraldehyde (Sigma-Aldrich). After 10 min incubation, the cross-linking reactions were quenched by adding 907 mM glycine. The positive control in the cross-linking experiments was YueB152 (152 amino acids, 17.58 kDa), a leucine zipper-containing subfragment of the ectodomain YueB780 of the Bacillus subtilis membrane protein YueB (São-José et al., 2004 , 2006 . YueB152 was known to form homodimeric species in solution (C. São-José, unpublished results), as shown previously for YueB780 (São-José et al., 2006) . The monomeric enzyme lysozyme (Sigma-Aldrich) was used as negative control. YueB152 cross-linking reaction was performed in 50 mM HEPES sodium salt pH 7 with 300 mM NaCl while that of lysozyme was performed in deionized water. Cross-linked samples were analysed by SDS-PAGE as described above.
Impact of exogenously added His 6 -Lmo0186 and His 6 -Lmo2522 on L. monocytogenes growth. Recombinant proteins His 6 -Lmo0186 or His 6 -Lmo2522 were diluted in freshly prepared MWB medium to a final concentration of 2 mM, filter-sterilized and serially diluted 10-fold in the same medium to a concentration of 20 fM. Overnight cultures of L. monocytogenes strains grown in BHI broth at 37 uC were diluted to a turbidity equivalent to 0.5 McFarland standard and subsequently diluted 100-fold. Cell suspensions were further diluted 2-fold, in triplicate, in protein-containing medium to a final volume of 200 ml (initial cell density of about 7.5610 5 c.f.u. ml 21 ). Incubation was performed at 37 uC with continuous shaking in Bioscreen C growth analyser, and OD 600 variation was measured every hour for a total of 115 h. Cells diluted in medium without added protein were used as controls. To exclude the influence of the protein buffer on the results, an equivalent experimental setting was followed but the respective protein buffers were used instead of the recombinant proteins. The time (in hours) required for an OD 600 increment equal to or greater than 0.1 was recorded, results were analysed with a one-tailed Student's t-test and observed differences were considered statistically significant at a significance level of 0.01.
Crude cell wall preparation from L. monocytogenes. Crude cell wall substrates of L. monocytogenes strains EGDe, EGDe DpgdA (BUG2288) (Boneca et al., 2007) and EGDe DoatA (BUG2410) (Aubry et al., 2011) were prepared as described by São-José et al. (2000) with slight modifications. Briefly, cells from exponential phase cultures in BHI broth at 37 uC were pelleted, washed in cold sterile water and frozen at 280 uC for 16 h. Cell pellets were then dried at 60 uC, resuspended in water to a concentration of 3 % (w/v) and autoclaved (125 uC, 15 min). Suspensions were kept at 220 uC until use.
Study of His 6 -Lmo0186 and His 6 -Lmo2522 muralytic activity on crude cell wall preparations of L. monocytogenes. Crude cell wall suspensions were added to wells of a 96-well microplate so that the initial OD 595 was approximately 1.3 in a Zenyth 3100 spectrophotometer (Anthos Labtec Instruments). Reactions (200 ml final volume) were initiated with the addition of pure His 6 -Lmo0186 or His 6 -Lmo2522 and OD 595 measurements taken every 10 min for at least 2 h. Unless stated otherwise, all reactions occurred at 37 uC. Except indicated otherwise, the reactions with His 6 -Lmo0186 took place in 50 mM sodium phosphate buffer at pH 7.4, 200 mM NaCl, 5 mM CuSO 4 , and those of His 6 -Lmo2522 were in 50 mM sodium phosphate buffer at pH 6.2, 200 mM NaCl, 10 mM CaCl 2 . The final concentration of His 6 -Lmo0186 and His 6 -Lmo2522 was 2 and 1 mM, respectively. 
RESULTS

Bioinformatics of Lmo0186 and Lmo2522
In silico analysis of Lmo0186 primary sequence (408 amino acids) revealed a putative N-terminal transmembrane segment composed of amino acid residues 17 to 36. According to the Lmo0186 predicted topology residues 37 to 408 face the extracytoplasmic medium. This extracellular part of the protein carries five conserved domains (Ravagnani et al., 2005;  Fig. 1a ): three tandem repeats of the domain DUF348 (pfam03990) between positions 42 and 198, one G5 domain (pfam07501) composed of residues 211 to 288 and one 3D domain (pfam06725) composed of residues 347 to 408. Domains DUF348 and G5 are often associated and found in proteins involved in bacterial cell wall metabolism, such as lytic transglycosylases (Bateman et al., 2005) . In fact, the C-terminal 3D domain contains three conserved aspartate residues, which were shown to be part of the catalytic double-psi b-barrel domain of the E. coli lytic transglycosylase MltA (van Straaten et al., 2005) .
Bioinformatics analysis of Lmo2522 primary sequence (277 amino acids) disclosed a signal peptide encompassing the first 24 residues. This indicates secretion of the protein, which is in agreement with its detection on the secreted proteome of L. monocytogenes strain EGDe (Trost et al., 2005) . In addition, three conserved domains were identified (Ravagnani et al., 2005; Fig. 1b) : two copies of the LysM domain (pfam01476) between residues 27 and 124 and again a 3D domain in the C-terminal region. The LysM domain is a widely distributed motif designed to bind the bacterial cell wall peptidoglycan (Buist et al., 2008) .
Simultaneous deletion of lmo0186 and lmo2522 affects growth of L. monocytogenes in minimal medium
Growth of strains EGDe, EGDe Dlmo0186, EGDe Dlmo2522 and EGDe Dlmo0186 Dlmo2522 was studied in both rich (BHI broth) and minimal (MWB) media. The growth rate of WT and mutant strains did not reveal any statistically significant differences when fresh BHI and MWB media were inoculated with overnight cultures at standard conditions (not shown). We then studied the duration of the lag phase of WT and mutant cultures after inoculation with progressively smaller cell densities (see Methods). We considered the time point when cultures reached an OD 600 increment equal or greater than 0.1 as an indication of the end of lag phase. In rich medium no statistically significant differences were observed in lag phase duration of WT and mutant strains, even when the inoculum was approximately 7610 4 c.f.u. ml 21 (not shown). However, in minimal medium we were able to detect statistically significant differences in the behaviour of the mutant strains when compared to the WT (Fig. 2) : at approximately 7.5610 7 and 3.8610 7 c.f.u. ml 21 initial cell densities (dilution factors 1 : 2 and 1 : 4, respectively) EGDe Dlmo0186 Dlmo2522 had an extended lag phase; at approximately 1.9610 7 c.f.u. ml 21 (dilution factor of 1 : 8) strain EGDe Dlmo0186 and the double mutant were unable to reach the established growth threshold during the time of the experiment (24 h). Within this time frame the four studied strains could not exhibit growth above the threshold when the dilution factor was higher than 1 : 8. In other experiments, though, we were able to detect growth if much longer incubation periods were used (see below). The strong, non-linear effect at the 1 : 8 dilution observed with strain EGDe Dlmo0186 when compared to strain EGDe Dlmo2522 is discussed below.
Following the observation that the simultaneous deletion of lmo0186 and lmo2522 resulted in an increased lag phase in minimal medium inoculated at 1 : 2 and 1 : 4 dilutions (Fig. 2) , we evaluated the effect of this double mutation on cell morphology by differential interference contrast microscopy. No obvious cell morphology alterations were observed either in this or in the single mutants when compared to the WT. We determined the cell length of WT and mutant strains growing in rich or in minimal media, after reaching the exponential or stationary growth phases. No statistically significant cell length differences were observed between the WT and any of the mutant strains growing in rich medium, in either exponential or stationary phases. In this medium, cells were about 2.8 and 2.5 mm long in exponential and stationary phase, respectively. In minimal medium a less than 0.2 mm, yet statistically significant, increase in cell length was observed for strain Dlmo2522 (2.133±0.025 mm) when compared to the WT (2.007±0.030 mm) in exponential phase. In stationary phase all mutant strains showed a statistically significant small increase in cell length when compared to the WT strain: 1.603±0.020 mm for EGDe; 1.725 ±0.018 mm for EGDe Dlmo0186; 1.806±0.021 mm for EGDe Dlmo2522; 1.839±0.020 mm for EGDe Dlmo0186 Dlmo2522.
In summary, the effects of lmo0186 and/or lmo2522 deletion in growth and cell morphology are only observable in cells growing in minimal medium.
Biochemical properties of soluble His 6 -Lmo0186 and His 6 -Lmo2522
A soluble hexahistidine-tagged polypeptide spanning residues 25 to 277 of Lmo2522 (His 6 -Lmo2522, 29.7 kDa; Fig.  1a ) was overproduced and purified from total protein extracts by metal affinity chromatography, followed by size exclusion chromatography. Recombinant His 6 -Lmo0186 (43.4 kDa), encompassing residues 42 to 408 of the native protein (Fig. 1b) , was similarly produced and purified. monocytogenes growth at decreasing inoculum densities. The incubation time, in hours, needed for cultures to reach a 0.1 increase in OD 600 was recorded for EGDe (white bars), EGDe Dlmo0186 (light grey bars), EGDe Dlmo2522 (dark grey bars) and EGDe Dlmo0186 Dlmo2522 (black bars) strains growing in minimal medium. The inoculum densities were progressively decreased 2-fold to a dilution of 1 : 512; from dilution 1 : 8 onwards, no growth above the threshold was observed for any of the studied strains during the time-course of the experiment (24 h). Standard errors, calculated from three experiments, are represented. Asterisks indicate statistically significant differences at a significance level of 0.01. Daggers indicate statistically significant differences at the same significance level assuming the maximum variance observed in the assay.
His 6 -Lmo2522 eluted from an analytical size exclusion column as a single peak (Fig. 3a) . The Stokes radius of the species composing the peak, derived from the corresponding elution volume, was 4.6 nm. This hydrodynamic radius would correspond to a protein of 143 kDa, assuming a globular nature identical to that of the polypeptides composing the protein standard. This mass is almost 5-fold higher than the one deduced from the primary sequence. Thus, the data from the size exclusion chromatography suggested that His 6 -Lmo2522 oligomerized and/or had an elongated shape (Erickson, 2009) . Interestingly, His 6 -Lmo2522 had a delayed migration in SDS-PAGE (Fig. 3a) , with an apparent molecular mass of 36.2 kDa.
His 6 -Lmo0186 eluted as two peaks in size exclusion chromatography (Fig. 3b) . The Stokes radii of the species composing each peak, derived from the corresponding elution volumes, were 4.5 nm for the larger species and 3.7 nm for the smaller. These hydrodynamic radii would correspond to proteins of 132.0 and 81.1 kDa, respectively. We could not draw any conclusions about the nature of these two peaks since they were not resolved by the selected fractioning and corresponding SDS-PAGE analysis (Fig.  3b) . In fact, a high molecular mass contaminant (see band above 87 kDa in SDS-PAGE) and His 6 -Lmo0186 seemed to co-elute and peak in fraction 4. Note that His 6 -Lmo0186 also had an abnormal electrophoretic mobility, behaving like a polypeptide of 52.5 kDa (Fig. 3b) .
Although interpretation of His 6 -Lmo0186 results was not as straightforward as those obtained with His 6 -Lmo2522, the ensemble of data suggested that both proteins might form oligomers and/or elongated structures. In an attempt to clarify this point, we treated 5 and 7 mM concentrations of His 6 -Lmo0186 and His 6 -Lmo2522, respectively, with the cross-linking agent glutaraldehyde. Glutaraldehyde is a homobifunctional cross-linker that specifically reacts with primary amine groups, particularly the e-amino groups of lysine residues. His 6 -Lmo0186 and His 6 -Lmo2522 have 47 ) was applied to an analytical size exclusion column and run with a flow rate of 0.5 ml min "1 , at 4 6C and 25 6C, respectively. The eluted material was monitored continuously by taking absorbance measurements at 280 nm (mAU). His 6 -Lmo2522 eluted in a single peak at 16.15 ml (a), whereas His 6 -Lmo0186 chromatography originated two peaks at 15.98 and 16.74 ml (a). The column void volume (V 0 ) and the elution volume of standard proteins are represented by vertical arrows (670 kDa, thyroglobulin; 158 kDa, c-globulin; 44 kDa, ovalbumin; 17 kDa, myoglobulin; 1.35 kDa, vitamin B 12 ). Fractions analysed by SDS-PAGE are indicated [1 to 5 to His 6 -Lmo2522 (a) and 1 to 8 for His 6 -Lmo0186 (b)]. During the purification procedure we could not eliminate a few minor contaminants with molecular masses below and above of that of His 6 -Lmo0186 [arrowhead in (b)]. His 6 -Lmo2522 is indicated by the arrowhead in (a). M, molecular masses of the protein marker (kDa).
and 22 lysine residues, respectively. Analysis of the crosslinking reactions by SDS-PAGE (Fig. 4a) failed to reveal any obvious protein oligomers. In fact, covalent binding of glutaraldehyde seemed to induce structural changes to the protein monomers, conferring to them an electrophoretic mobility much closer to the one expected from the theoretical molecular masses of His 6 -Lmo0186 and His 6 -Lmo2522, i.e. 43.4 and 29.7 kDa, respectively.
Although we have not ruled out the possibility that glutaraldehyde is not a suitable cross-linker for these particular proteins, we favour the hypothesis that both proteins are monomeric but have an elongated shape that is responsible for their peculiar behaviour in size exclusion chromatography and SDS-PAGE; this elongated structure is most probably collapsed upon glutaraldehyde binding. We should note that at least the G5 domain of Myc. tuberculosis RpfB, which is also present in Lmo0186 (Fig.  1a) , was previously shown to give an elongated shape to the three-dimensional structure of a truncated version of RpfB (Ruggiero et al., 2009) . Control cross-linking experiments with polypeptides known to exist as monomers or to form homodimers, that is, the egg white lysozyme and the YueB receptor fragment YueB152 (see Methods), respectively, gave the expected results on SDS-PAGE analysis (Fig. 4b) .
Addition of recombinant Lmo0186 and Lmo2522 complements the double-mutant phenotype
The duration of the lag phase of strains EGDe, EGDe Dlmo0186, EGDe Dlmo2522 and EGDe Dlmo0186 Dlmo2522 was evaluated after inoculation of minimal medium with a low initial cell density (about 7.5610 5 c.f.u. ml
21
). These cultures were supplemented with purified recombinant proteins (His 6 -Lmo0186 or His 6 -Lmo2522) at nine concentrations, ranging from 10 fM to 1 mM. Overall, addition of the recombinant proteins to either WT or single-mutants only produced a statistically significant growth-stimulatory effect for a few protein concentrations (Table S1 , available in Microbiology Online): EGDe with 1 nM His 6 -Lmo0186 and EGDe Dlmo0186 with 100 fM or 100 nM of His 6 -Lmo2522. In contrast, a growth-stimulatory effect was clear in the double-mutant for a wide range (10 fM-100 nM) of His 6 -Lmo0186 and His 6 -Lmo2522 concentrations (Fig. 5 and Table S1 ). Despite the extended lag phases, once the doublemutant started to grow it became similar to the WT strain growing in the same conditions. Curiously, both proteins failed to demonstrate a dose-dependent effect in growth stimulation within the referred concentration range. Analogous results have been obtained with actinobacteria Rpfs (see Discussion).
Cell wall degrading activity of His 6 -Lmo0186 and His 6 -Lmo2522
The peptidoglycan-degrading activity of His 6 -Lmo0186 or His 6 -Lmo2522 was studied by following the decrease in OD 595 of crude cell wall preparations of L. monocytogenes, after addition of the recombinant proteins. Peptidoglycandegrading activity was tested in a variety of biological buffers set to pH values ranging from 5.8 to 8.8 and at temperatures between 22 and 37 u C. The effect on activity of different cations, ranging from 0.4 to 10 mM final concentration, was also assayed (data not shown). Optimal conditions for the activity of each protein were thus defined (see Methods).
The peptidoglycan-degrading activities of His 6 -Lmo0186 and His 6 -Lmo2522 were tested on crude cell walls prepared from EGDe or from derivative strains mutated in the peptidoglycan N-deacetylase (DpgdA) or in the O-acetyltransferase (DoatA). The results obtained indicated that even in the optimized conditions both proteins exhibited a relatively weak activity, as judged by the small reduction in OD 595 (Fig. 6 ). The maximum decrease in OD 595 (up to 20.3) was observed against cell walls prepared from L. monocytogenes strain EGDe DoatA (Fig. 6 ), meaning that both proteins preferred non-O-acetylated peptidoglycan as substrate.
To confirm the b-1,4 glycolytic activity predicted bioinformatically we have additionally studied the ability of His 6 -Lmo0186 and His 6 -Lmo2522 to degrade (NAG) 3 -MUF, an artificial polymer commonly used as a lysozyme substrate (Calderon et al., 2011; Mukamolova et al., 2006; Telkov et al., 2006; Yang & Hamaguchi, 1980 ). An increase in fluorescence, indicating degradation of (NAG) 3 -MUF, was observed in presence of His 6 -Lmo2522 or His 6 -Lmo0186, and this increase showed a protein-dose dependency (Fig. 7) . However, His 6 -Lmo2522 showed much better activity against the artificial substrate when compared to His 6 -Lmo0186; the same trend was observed when the recombinant polypeptides were assayed against the crude cell wall preparations (Fig. 6 ). To confirm that the increase in fluorescence specifically resulted from the enzyme activity in the case of His 6 -Lmo0186, we performed a control assay with SDS-denatured His 6 -Lmo0186. In these conditions no increase in fluorescence could be measured irrespective of the protein concentration (Fig. 7b) . We should note that equal molar amounts of egg white lysozyme produced between 2-and 4-fold more fluorescent product when similarly assayed in His 6 -Lmo0186 and His 6 -Lmo2522 reaction buffers, respectively (not shown).
Overall, these observations indicate that both His 6 -Lmo0186 and His 6 -Lmo2522 have b-1,4 glycolytic activity, although this seems to be weaker than the activity of other related enzymes such as the egg white lysozyme. (Tufariello et al., 2004) . Deletion of Lmo0186 and/or Lmo2522 also had no impact on lag phase duration when assayed in rich medium, regardless of the initial cell density. However, when tested in minimal medium we observed a marked increase in lag phase duration for the Dlmo0186 Dlmo2522 double mutant as the cell concentration of the inoculum decreased (Fig. 2) . The results suggest that this growth defect was mainly due to lmo0186 deletion, since the Dlmo2522 mutant and the WT strain started growing essentially at the same time in conditions where the Dlmo0186 mutant could not grow (Fig. 2) . The experiments performed with very low inoculum densities also support a preponderant role of Lmo0186 (see Table S1 and below). In the absence of exogenously added recombinant proteins, only three of the six replicas of strain EGDe Dlmo0186 were able to grow above the defined threshold, and they needed about 90 h. In the same conditions, five of the six replicas of strain EGDe Dlmo2522 could grow above the threshold within approximately 80 h. Thus, the results suggest that these putative Rpfs are not completely functionally redundant. Myc. tuberculosis Rpfs were shown to be required for growth of vegetative cells in minimal medium at low inoculum densities (Mukamolova et al., 2002b) . Evidence against their functional redundancy came from mouse model infection and resuscitation in vitro with multiple mutants (Biketov et al., 2007; Downing et al., 2005; Kana et al., 2008) , in addition to expression analysis in different growth phases and physiological conditions (Gupta et al., 2010) .
Microscopic analysis of the cell morphology of Rpf mutant cells did not reveal obvious cell defects that could account for the observed growth differences. In addition, cell length variation between WT and mutant cells was very small (less than 0.25 mm) and so did not suggest an important role of these proteins in cell division or elongation (Carroll et al., 2003) .
We could clearly demonstrate peptidoglycan degrading activity for His 6 -Lmo2522, both in crude cell wall preparations and when using the artificial lysozyme substrate (NAG) 3 -MUF. Such activity was previously demonstrated for some Rpf proteins (Telkov et al., 2006) . His 6 -Lmo0186 also cleaved cell wall preparations, but its activity against the artificial substrate was much weaker.
The fact that His 6 -Lmo2522 degrades (NAG) 3 -MUF indicates that it possesses b-1,4 glycolytic activity, as do lysozymes and lytic transglycosylases. Regarding His 6 -Lmo0186, we might speculate that either (NAG) 3 -MUF is not a good substrate for the enzyme or, less likely, the protein displays a different peptidoglycan cleavage specificity that is not revealed by in silico analysis. As described for M. luteus Rpf (Telkov et al., 2006) , His 6 -Lmo0186 and His 6 -Lmo2522 show a much reduced peptidoglycan degrading activity when compared to chicken egg white lysozyme. This observation is in agreement with the action proposed for these proteins: in contrast to 'conventional' lysozymes that are designed to induce cells lysis, Rpf proteins should be responsible for peptidoglycan remodelling .
In L. monocytogenes peptidoglycan, approximately 50 % of N-acetylglucosamine residues are N-deacetylated into glucosamine by the peptidoglycan-N-acetylglucosamine deacetylase PgdA (Boneca et al., 2007) . The O-acetylation of muramic acid residues by O-acetyltransferase OatA has also been described for approximately 23 % of muramoyl residues (Aubry et al., 2011) . Peptidoglycan cleavage mediated by lysozymes is inhibited by these two modifications, meaning that pgdA or oatA mutant strains exhibit an increased susceptibility to lysozymes (Aubry et al., 2011; Boneca et al., 2007) . Lytic transglycosylases produce a 1,6 anhydromuramoyl product for which a free C-6 hydroxyl group on the Nacetylmuramoyl residues is essential (Scheurwater et al., 2008) . O-acetylation of peptidoglycan occurs on the C-6 hydroxyl moiety of N-acetylmuramoyl residues, consequently inhibiting the action of lytic transglycosylases (Scheurwater et al., 2008) . The fact that His 6 -Lmo0186 and His 6 -Lmo2522 showed clear preference to degrade cell walls from a DoatA strain is in agreement with the suggestion that both proteins have lytic transglycosylase activity. High levels ) of His 6 -Lmo2522 (b) for 120 min, at 37 6C. The cell wall substrate for each protein was resuspended in the corresponding optimal reaction buffer, which had been previously determined with DoatA cell walls (see Methods). Both recombinant proteins consistently induced a higher decrease in the optical density of cell wall preparations when compared to the control reactions (protein buffer added). Bars represent standard errors calculated from eight replicates. Asterisks indicate that the difference is statistically significant at a significance level of 0.01.
of peptidoglycan O-acetylation (44-72 %) have already been described for Enterococcus spp. cells in stationary phase of growth and in the VBNC state (Pfeffer et al., 2006) . Increased O-acetylation of VBNC cells can thus act as a way to regulate the activity of Rpf proteins.
One of the first biological effects described for Rpf proteins was their ability to promote growth of dormant and vegetative cells at low densities after media supplementation (Mukamolova et al., 1998a (Mukamolova et al., , 2002b . We have performed similar experiments and the results demonstrated the same activity for Lmo0186 and Lmo2522 when added to diluted cultures of EGDe Dlmo0186 Dlmo2522 in minimal medium (Fig. 5 and Table S1 ).
An interesting observation was that His 6 -Lmo0186-and His 6 -Lmo2522-mediated reduction of lag phase seemed not to be dose dependent within the fM to nM range. Mukamolova et al. (2002b) observed a similar behaviour for Myc. tuberculosis Rpfs acting on M. luteus and Mycobacterium smegmatis cultures. In that study, only Rpf concentrations between a defined range (most commonly fM to nM range) reduced the lag phase. The authors commented that a similar behaviour has been previously observed in ligand/hormone-receptor interactions and that this could be viewed as a supporting observation for the specific growth stimulatory effect of Rpfs.
Overall, our results support the hypothesis that Lmo0186 and Lmo2522 are equivalent to Rpf proteins of actinobacteria. , for 7 h at 37 6C. Cleavage of the substrate is indicated by the appearance of the fluorescent product 4-methylumbelliferone. As a negative control the activity of denatured His 6 -Lmo0186 was also determined in the same conditions [(b), white circles]. The buffer of each protein was added to the blank sample.
